The near-infrared absorption of two chromophore functionalized polymers and combinations of seventeen different guest chromophores in seven different organic polymer matrices were investigated to assess the effect of chromophore structure and environment on absorption. The near-infrared absorption losses were found to be dramatically larger by as much as 2-3 orders of magnitude in polymer matrices than in solution. Furthermore, the absorption of the long-wavelength tail appears to be related to the glass transition temperature of the polymer matrix that contains the chromophore. These results are interpreted in terms of inhomogeneous broadening.
Introduction
Polymer waveguides have proved to be successful in quite a number of areas of photonics, most notably as passive polymer fibers. 1, 2 Chromophore-doped systems have also been investigated for many years and are now reaching application levels. 3 To take best advantage of the high nonlinearity of organic chromophores, the trade-off between the nonlinear optical coefficient and absorption has been extensively studied. However, this has almost invariably been done only in isotropic liquid solution by taking into account the position of the absorption maximum max and its absorption cross section. 4 Only a few investigations have taken any account of the role of the width of the absorption band. Here we demonstrate the influence of the chromophore structure and its environ-ment on the magnitude of the infrared tail of the absorption band. Some intriguing and important trends are revealed. These results are of primary importance for the optimization of polymeric materials for integrated-optics components that are used either in electro-optic or cascaded all-optical devices at near-infrared wavelengths ͑750 -900 nm͒ or in the infrared telecommunication windows ͑1550 and 1300 nm͒. 5 Here, we choose to describe the results as a function of wavelength, in accordance with our applications oriented approach.
Previously published data 6 showed that the wavelength dispersion of the absorption in the side-chain polymer ͑SCP͒ DANS, measured either by thin-film transmission in the visible or waveguide loss in the near infrared, could fit well with a Voigt profile ͑inhomogeneously broadened absorption model͒ as shown in Fig. 1 . This clearly suggests that one can extrapolate the straight-line behavior observed on semilog plots toward longer wavelengths and far beyond what can be classically measured with thin-film transmission measurements. The slope of this line is defined as
where ␣͑͒ is the absorption coefficient of the sample ͑chromophore in solution or polymer matrix͒ and the slope is expressed in reciprocal nanometers.
Materials and Characterization
Our studies have utilized chromophores both covalently bound as side groups to polymers and also as guest molecules dissolved in a polymer matrix. The covalently bound SCP systems studied are DANS SCP 1 and DR1 SCP 2 that were obtained from Akzo-Nobel and IBM, respectively. These two polymers contain the best known and most widely examined electro-optic chromophores 4-dimethylamino-4Јnitrostilbene ͑DANS 3͒ and 4-͑N-ethyl-N-2-hydroxyethyl͒-4Ј-nitroazobenzene ͑DR1 4͒. 7, 8 These two chromophores are attached as side groups in polymers 1 and 2 that served as prototype materials for our studies of the near-infrared absorption of various polymers. Their absorption peaks are at 430 and 480 nm, respectively, and Fig. 2 shows their absorption spectra plotted on both a semilog and on a linear scale ͑inset͒ as measured in transmission with a spectrophotometer. The main absorption band of DANS SCP 1 is clearly blueshifted relative to DR1 SCP 2. Although the short absorption lengths of the 1-2-m-thick polymer films do not permit the measurement of small absorption coefficients, a close inspection of their spectra, in particular on the semilog scale, clearly indicates that DR1 SCP 2 is more transparent in the near infrared than DANS SCP. Note that this behavior could not be observed on the linear scale, where the two absorption curves appear to be superimposed in this region. We note that data on the infrared absorption tail obtained from DANS SCP samples of different thickness ͑0.2-1.7 m͒ also revealed an unexpected sample thickness dependence. Therefore, the protocol employed in this study involves the use of approximately 2-m-thick films for all materials and measurements ͑transmission and propagation͒. All the data reported in this study were obtained for chemically stable materials whose absorption properties did not evolve with time ͑on a several month time scale, stored in the dark at room temperature and in ambient atmosphere͒. The sample thickness dependent absorption is currently under independent study and will be reported in more detail at a future time.
As is shown in Fig. 2 , the extrapolations of the DANS SCP 1 and DR1 SCP 2 absorption to 775 nm ͑chosen because this is the harmonic wavelength in cascaded processes at 1.55 m͒ yield approximately 2.5 and 0.01 cm Ϫ1 , respectively ͑1 cm Ϫ1 ϭ 4.34 dB cm Ϫ1 ͒, a difference of more than 2 orders of magnitude. However, extrapolations that predict absorption values smaller than 0.1 cm Ϫ1 are meaningless in waveguides because the propagation losses are typically limited by other factors such as waveguide quality. However, these extrapolations are still useful for comparing materials and structures. In agreement with our extrapolated values, propagation losses in DANS SCP waveguides of approximately 2.5 cm Ϫ1 have been experimentally determined. In contrast, for DR1 SCP waveguides attenuation was found to be of the order of 0.2 cm Ϫ1 ͑1 dB cm Ϫ1 ͒, limited mainly by interfacial scattering losses rather than by absorption. As is discussed below, we further investigated the validity of this extrapolation for some other chromophores.
Because of this strong indication that azobenzene chromophores as found in DR1 SCP appear to have a more attractive loss roll-off in the near infrared, we initiated a systematic study of the importance of the specific chromophore structure and its environment on the near-infrared tail absorption. The structures of the chromophores employed in this study are shown in Fig. 3 . Fourteen azobenzene chromophores ͑5-18͒ with different donor and acceptor groups were employed in this study. 9 The azobenzene chromophores have a range of acceptor structure features: 5-11 have a nitrogroup as a primary acceptor, 12-16 have a cyanogroup as a primary acceptor, and 17 and 18 have both nitroacceptor and cyanoacceptor groups. These azobenzenes also have a range of donor structure features: all the azobenzenes have aliphatic or cycloaliphatic amine donor substituents except for 10, 15, 16, and 18, which have arylamine donors, and 11, which has alkoxy donors. One can readily see a number of relationships among the structures: 5, 9, 10, and 11 differ only in the donor with the nitrogroup as the sole common acceptor; 6, 7, and 8 differ only by the location of the trifluoromethyl substituent, whereas the pairs 5 and 10, 13 and 16, 14 and 15 and, finally, 17 and 18, differ only by aliphatic versus aromatic amine donor substituents. The diethylamino analog 19 of the stilbene DANS as well as a tolan ͑diphenylacetylene͒ analog 20 are also included in the study.
The absorption spectra of all the dyes were measured both in solution with ethyl acetate as the solvent and also in a guest-host system with poly͑methyl methacrylate͒ ͑PMMA͒ A as the matrix. The structures of the host polymers used in this study are shown in Fig. 4 . The doped polymer solutions ͑for the thin films͒ were prepared with s-tetrachloroethane as the solvent. The typical concentration of the dye in the polymer matrix was approximately 4% by weight. As is shown in Fig. 5 and listed in Table 1 , a dramatic difference was observed in the near-infrared tail of the absorption, although the absorption peak in the visible was only slightly shifted and broadened. The slope with which the absorption decreases toward longer wavelengths on a semilog scale was notably smaller in the solid matrix than in the solution. Altogether, the extrapolated absorption losses at 775 nm were 2-4 orders of magnitude larger in the solid compared with the liquid. Specifically, their values are shifted from approximately 10 Ϫ4 -10 Ϫ1 cm Ϫ1 in the solvent to approximately 10 Ϫ1 -10 2 cm Ϫ1 in the polymer matrix, normalized to the same weight concentration of chro- mophores ͓Fig. 5͑a͔͒. Such values in the solid are no longer negligible compared to typical waveguide propagation losses that are due to fabrication. Furthermore, one can observe a strong correlation between the slopes when the absorption spectrum is measured in solvent and in PMMA ͓Fig. 5͑b͔͒. This correlation suggests that a first evaluation of the performance of a new chromophore in a solvent is still a useful diagnostic for comparing the relative merits of different chromophores.
The predictions of the straight-line extrapolation of the absorption toward the near infrared was checked by planar waveguide propagation loss measurements in the SCP's, DANS SCP 1 and DR1 SCP 2, as well as some guest-host systems including the azobenzenes 5 and 13, stilbene 19, and tolan 20 ͑all in PMMA A͒. Between 2-and 3-m-thick films were spin coated onto oxidized silicon wafers and cleaved to facilitate end-fire excitation of guided waves. The measurements were performed with a 780-nm diode laser. The light scattered by waveguide imperfections normal to the waveguide was imaged on a CCD camera. The scattered streak exhibits an exponential decay with propagation distance that is due to both scattering and absorptive losses in the waveguide. Such measurements show that the slope extrapolation is valid as long as the decay coefficient exceeds approximately 0.2 cm Ϫ1 ͑1 dB cm Ϫ1 ͒, values below which the scattering propagation losses become dominant. Some of the materials were analyzed in this way, yielding propagation losses ranging from approximately 1 dB͞cm to several decibels per centimeter, in reasonable agreement with extrapolations of the solid-state absorption data, but well above the values obtained from the solution absorption data. The decay coefficients that we obtained along with their related absorption spectra are sketched in Fig. 2 for the SCP systems, DANS SCP 1 and DR1 SCP 2, and in Fig. 6 for some of the guest-host systems. Excellent agreement was obtained for chromophores 5 and 19. The extrapolated value of the absorption for dye 20 at 775 nm does not match the loss propagation measurement. It is a typical case for which the loss measurement is dominated by waveguide quality and not by material absorption. The same limitation occurs for the DR1 SCP 2 and to some extent for chromophore 13. But in all cases, the absorption coefficients of the chromophores in PMMA ͑a glassy polymeric ester͒ are much larger than the absorption coefficients of the same chromophores in ethyl acetate ͑a liquid ester͒.
Such a dramatic impact of the chromophore environment on the near-infrared absorption behavior stimulated a subsequent study of the influence of different organic polymer matrices. Therefore, some of the previous chromophores ͑namely, 4, 5, and The extrapolations are correlated with waveguide propagation losses whenever measured. The results for two SCP systems are provided. All the other data refer to guest-host systems. The values are for a 10-wt. % chromophore loading. The average effect of the environment is also reported ͑shift in the position of max , ratio of the slopes as measured in the solvent and in PMMA, along with the average difference in the extrapolated values of the absorption at 775 nm in both cases͒. The last three rows list the results for stilbene and tolan guest dyes. NA, not available.
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13͒ were incorporated, still as guest-host systems, in as many as seven different polymer matrices ͓namely, PMMA A, poly͑butyl methacrylate͒ ͑PBMA͒ B, polystyrene ͑PS͒ C, BPA-polycarbonate Lexan D, BPA-Polyethersulfone ͑PES͒ E, Polyetherimide Ultem F, and the phthalazinone-polyethersulfone ͑P-PES͒ G͒. 10 Figure 7 shows the absorption spectra of chromophore 5 in these matrices. The absorption coefficients are normalized to a 10-wt. % concentration of the chromophore in the polymer matrix. We observed a strong influence on the chromophore absorption that is due to the polymer environment. The values of the slope differ from one matrix to another, ranging from Ϫ14 ϫ 10 Ϫ3 nm Ϫ1 in PES E to Ϫ21 ϫ 10 Ϫ3 nm Ϫ1 in PMMA A. These different values of the slope result in large differences in the extrapolated values of the absorption coefficient at 775 nm. For example, there is a difference of 2 orders of magnitude between the predicted absorption coefficient of 5 in PS C ͑0.2 cm Ϫ1 ͒ and the predicted absorption coefficient in PES E ͑10.2 cm Ϫ1 ͒.
One can relate the previous results to a specific macroscopic parameter characteristic of the different matrices. The glass transition temperature T g of this series of matrices varied from 15 to 300°C as reported in Table 2 , which values correspond to neat polymers ͑the relatively small chromophore loading should not significantly affect these values͒. If we exclude the result for the PBMA polymer B ͑T g ϭ 15°C͒, a surprising correlation was found when this slope, or the extrapolated absorption at 775 nm, was plotted versus the T g of the solid matrices, as shown in Fig. 8 . An approximately linear behavior is evident. The low-T g result ͑PBMA͒ does not follow this linear behavior because that absorption measurement was performed at room temperature ͑i.e., slightly above the T g of this polymer͒. Additional experiments are currently being carried out to gain better characterization and understanding of this apparent relationship between loss and T g .
Discussion
We interpret these data in terms of a matrixdependent inhomogeneous spectral broadening of the absorption spectrum that is due to the different interactions that occur between the organic chromophores and the different matrix environments. The higher the T g , the more rigid the matrix and the larger the range of different interactions or conformations imposed by the environment onto the chromophore. In a similar manner, it can be observed that the larger the acceptor or donor groups, the larger the impact on the inhomogeneous broadening. For example, in Table 1 one can see that chromophores with a diphenyl donor group ͑as in 15, 16, and 18͒ exhibit smaller slopes than chromophores with a dialkyl donor group ͑13, 14, and 17, respec-tively͒.
This behavior clearly identifies a new trade-off that must be taken into account for photonic devices. Currently there is a research thrust to increase the Fig. 6 . Absorption spectra in ethyl acetate and propagation loss in a PMMA matrix of the chromophores 5, 13, 19, and 20. All the data are normalized to a 10-wt. % concentration. The extrapolated values and the propagation measurements at 775 nm are in good agreement with the chromophores 5 and 19. Fig. 7 . Absorption spectra of chromophore 5 in different organic polymer matrices and in ethyl acetate solution along with the straight-line extrapolation toward the infrared. Note the different slopes of these extrapolations and the different values they suggest for the absorption in the near infrared, for example, at 775 nm. T g of the polymer matrix to decrease the chromophore's polar orientational mobility and thus increase the long-term stability of the nonlinear coefficient. 11, 12 However, as shown here, this could lead to a simultaneous increase in the absorption losses. This effect poses a new challenge, namely, to develop new polymer matrices, organic or hybrid, that would induce as little as possible inhomogeneous spectral broadening of the main absorption band. The results given here show that a reduction of more than an order of magnitude in absorption losses can be achieved by fine tuning the chromophore environment. Therefore, within a family of chromophores, it should be possible to use chromophores with the largest nonlinearities whose max is typically redshifted by finding complementary polymeric environments to reduce the absorptive losses. Thus the nonlinearity loss trade-off could conceivably be increased by as much as an order of magnitude.
Conclusion
The long-wavelength, near-infrared tail of the absorption spectrum of electro-optic chromophores appears to be extremely sensitive to the specific environment in the polymer matrix. In contrast to the slight change in intensity and width of the main absorption bands that are observed in the visible when changing from solution to solid, a dramatic difference in the absorption intensity has been found in the near-infrared spectral region. A correlation to the T g of the host polymer has been observed ͑although other influences could be operating as well͒. These results are important in view of optimizing doped polymers for applications in waveguided optics by use of red or near-infrared wavelengths. Furthermore, finding effective means of reducing such unnecessary absorption also affects the material lifetime associated with photodegradation. 13, 14 This research suggests that further characterization and analysis needs to be pursued to optimize the nonlinearity loss trade-off. Also, the impact of grafting the chromophore into side-chain polymer systems should be quantified. We expect such effort to lead to better doped-polymer materials. Fig. 8 . Effect of the glass transition temperature T g on extrapolated values of the absorption at 775 nm and on the slope for the three different chromophores 4, 5, and 13. Chromophore aggregation prevented us from reporting the values for both 4 and 13 in polystyrene. ͑a͒ Extrapolated values of the absorption at 775 nm as a function of matrix T g ͑straight lines are guides for the eye͒. The losses increase by more than an order of magnitude as T g varies from approximately 100°C to 300°C. The identities of the different polymers are listed in Table 2 . ͑b͒ Values of the slope in the near-infrared tail of chromophore absorption as a function of matrix T g . Note the following correlation: the larger the T g , the smaller the slope ͑straight lines are guides for the eye͒. The identities of the different polymers are listed in Table 2 .
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